Steroidal glycoalkaloids (SGAs) are specialized anti-nutritional metabolites that accumulate in Solanum lycopersicum (tomato) and Solanum tuberosum (potato). A series of SGA biosynthetic genes is known to be upregulated in Solanaceae species by jasmonate-responsive Ethylene Response Factor transcription factors, including JRE4 (otherwise known as GAME9), but the exact regulatory significance in planta of each factor has remained unaddressed. Here, via TILLING-based screening of an EMS-mutagenized tomato population, we isolated a JRE4 loss-of-function line that carries an amino acid residue missense change in a region of the protein important for DNA binding. In this jre4 mutant, we observed downregulated expression of SGA biosynthetic genes and decreased SGA accumulation. Moreover, JRE4 overexpression stimulated SGA production. Further characterization of jre4 plants revealed their increased susceptibility to the generalist herbivore Spodoptera litura larvae. This susceptibility illustrates that herbivory resistance is dependent on JRE4-mediated defense responses, which include SGA accumulation. Ethylene treatment attenuated the jasmonate-mediated JRE4 expression induction and downstream SGA biosynthesis in tomato leaves and hairy roots. Overall, this study indicated that JRE4 functions as a primary master regulator of SGA biosynthesis, and thereby contributes toward plant defense against chewing insects.
INTRODUCTION
Plants have developed elaborate defense and adaptation mechanisms to tolerate the broad range of biotic and abiotic stresses arising in their changing environment. In particular, jasmonate (JA) phytohormones play a central signaling role in plant defense responses against insects and pathogens (De Geyter et al., 2012; Wasternack and Hause, 2013) . Among these responses, plants accumulate structurally diverse metabolites including bioactive alkaloids and terpenoids as defense compounds (Bednarek and Osbourn, 2009) . Within the Solanaceae family, economically important crops such as Solanum lycopersicum (tomato) and Solanum tuberosum (potato) accumulate a group of nitrogen-containing specialized metabolites termed steroidal glycoalkaloids (SGAs) (Friedman, 2002 (Friedman, , 2006 .
The cytotoxic and anti-nutritional properties of SGAs suggest that they serve as defense metabolites acting against a wide range of biotic agents including bacteria, fungi, viruses, insects, and animals. In tomato, for instance, inedible organs such as immature green fruits predominantly accumulate the SGA a-tomatine, whereas red ripe fruits contain less-toxic SGA derivatives including esculeoside A (Iijima et al., 2009) . SGAs are produced from acetyl-CoA via an extensive, multi-step pathway that involves a large number of metabolic genes. The SGA biosynthetic pathway comprises the mevalonate pathway, as well as a pathway for the synthesis of cycloartenol, cholesterol, and core SGAs, including the synthesis and glycosylation of the steroidal alkaloid aglycone [ Figure 1a ; Itkin et al., 2011 Itkin et al., , 2013 Sawai et al., 2014; Sonawane et al., 2016; Umemoto et al., 2016] . As a result of branching within the biosynthetic pathway, the early enzymatic steps feed into cycloartenol, cholesterol and SGA biosynthesis and also contribute toward the production of phytosterols and other terpenoids ( Figure 1a ). Molecular characterization of cholesterol biosynthesis genes in tomato has revealed that some genes, such as SSR2, SMO3, SMO4, DWF7-2, and DWF5-2, evolved through gene duplication and divergence from phytosterol synthesis genes, whereas the remaining genes have overlapping roles in the cholesterol and phytosterol pathways ( Figure 1a ; Sawai et al., 2014; Sonawane et al., 2016) . Coordinated expression of the genes involved in SGA biosynthetic pathways, including those in upstream primary pathways that supply precursor metabolites, ensures correct SGA metabolism. A survey of available expression data (Tomato Genome Consortium, 2012) makes it clear that co-expression of multiple SGA biosynthetic genes occurs in various tomato tissues (Figure 1b) , in accordance with the findings of previous studies (Itkin et al., 2013; C ardenas et al., 2016; Sonawane et al., 2016; Thagun et al., 2016) . A set of GLYCOALKALOID METABOLISM (GAME) genes, responsible for core SGA synthesis, form metabolic gene clusters in the tomato and potato genomes (Itkin et al., 2013) . The other SGA pathway genes can be categorized based on whether they exhibit co-expression with GAME genes (Figure 1b) .
In tomato and potato, a small group of JA-responsive Ethylene Response Factor (ERF) transcription factors (JREs) have been suggested to co-ordinately upregulate a set of SGA biosynthetic genes ( Figure 1b) . The tomato genome contains six JRE genes ( Figure 2a) , with JRE1 to JRE5 clustered together on chromosome 1 (Thagun et al., 2016) . JRE4 is also known as GAME9 (C ardenas et al., 2016) and is expressed predominantly in tomato tissues, with an expression pattern correlated with those of SGA biosynthetic genes (C ardenas et al., 2016; Thagun et al., 2016) . Thus, JRE4 has been characterized to function as a transcriptional regulator of the SGA biosynthetic pathway (C ardenas et al., 2016; Thagun et al., 2016) , whereas the involvement of other JREs in the regulation of SGA biosynthesis remains unknown.
JREs generally function by directly binding to the GCC box-like elements in target gene promoters (C ardenas et al., 2016; Thagun et al., 2016) . A group of JRE-related ERF transcription factors regulates the JA-induced biosynthesis of specialized metabolites in distinct plant species. For example, NtERF189 from Nicotiana tabacum (tobacco) (Shoji et al., 2010) and CrORCA3 from Catharanthus roseus ( Van der Fits and Memelink, 2000) mediate the coordinated transcription of metabolic genes involved in JA-induced nicotine and terpenoid indole alkaloid biosynthesis, respectively.
In this study, we explored the relationship between JRE function and SGA biosynthesis in tomato, as well as the role of SGAs in defense. We found evidence that JRE4 is a primary transcriptional regulator of SGA biosynthetic genes. A mutation in JRE4 that disrupted JRE4 DNA binding resulted in downregulated expression of SGA biosynthetic genes, a considerable reduction in SGA accumulation, and decreased resistance to Spodoptera litura caterpillar feeding. Moreover, JRE4, but not its homologs, was found to induce expression of SGA biosynthetic genes. We also revealed that JA-induced expression of JRE4 and downstream SGA biosynthetic genes is suppressed by ethylene in tomato leaf and hairy root tissue, which agrees with the involvement of SGAs in plant defense against herbivores. Together, our results demonstrate the necessity of JRE4 for SGA biosynthesis and plant defense in tomato.
RESULTS

Characterization of the wJRE3L pseudogene within the JRE gene cluster in tomato
We began by cataloging the entire set of JRE genes in tomato, in preparation for testing their possible involvement in the regulation of the SGA pathway. Upon scrutinizing the sequences around the cluster of known JRE genes, we found that a 318-bp sequence that displays similarity to a portion of JRE sequences, is present within a cluster of five JRE genes on chromosome 1 [Figure S1a; C ardenas et al., 2016; Thagun et al., 2016] . We could not identify an open reading frame (ORF) within this tomato sequence because the adjacent N-terminal sequence was not available in the reference genome (build SL2.50). However, fulllength ORFs of orthologous genes were identified in the corresponding regions of other Solanum genomes (Figure S1a) . These included Sopen01g036130, otherwise known as JRE3-like (SpJRE3L), from S. pennellii (Figure 2a) , which shares 58 and 52% amino acid sequence identity with JRE3 and JRE4, respectively, and Sotub01g029520 from S. tuberosum (potato). Furthermore, a partial orthologous gene sequence was also identified in S. pimpinellifolium ( Figure S1b ).
Using primers designed using the SpJRE3L sequence, a polymerase chain reaction (PCR) amplicon was successfully produced from tomato genomic DNA and the uncharacterized portion of the tomato sequence was determined, which revealed the missing N-terminal sequence information. Moreover, fragments of identical sequence were obtained from different tomato cultivars, including Micro- Figure 1 . Genes involved in steroidal glycoalkaloid (SGA) biosynthesis and related pathways in tomato. (a) Schematic representation of SGA biosynthesis and related pathways in tomato. A series of biosynthetic genes (depicted in red in gray boxes) facilitates a multi-step pathway (indicated with bold arrows) leading to the biosynthesis of the SGAs a-tomatine and esculeoside A. SGA biosynthetic genes are under the control of a Jasmonate-Responsive ERF 4 (JRE4)/Glycoalkaloid Metabolism 9 (GAME9) transcription factor. The activity of 3-hydroxyl-3-methylglutaryl CoA reductase (HMGR) may be negatively regulated by the RING-finger E3 ubiquitin ligase Makibishi 1 (MKB1; Pollier et al., 2013) , whose gene expression is also regulated by JRE4. The genes involved in phytosterol synthesis are shown in a white box, whereas those genes that are also involved in cholesterol synthesis are enclosed by a dashed line. Contents of the metabolites marked with asterisks were measured in this study. MVA; mevalonate, IPP; isopentenyl pyrophosphate, DMPP; dimethylallyl pyrophosphate. Other abbreviations and Solyc IDs of the genes are available in Table S1 . (b) Heat map visualization of Illumina-derived and RPKM-normalized expression data of relevant genes (Tomato Genome Consortium 2012). Clustering was performed using Cluster 3.0 (http://bonsai.hgc.jp/~mdehoon/software/cluster/software.htm) and a heat map with a corresponding phylogenetic tree was created using Java TreeView (http://jtreeview.sourceforge.net/) and Excel. The branch point that encompasses most JRE4-regulated genes predominantly associated with SGA biosynthesis is indicated with a solid red circle.
Tom, M82, and Carol 7. In contrast with orthologs that potentially encode functional proteins, the uncharacterized sequence in tomato was found to be interrupted with a 109-bp insert of unknown function ( Figure S1b ). Incomplete inverted repeats were identified within this inserted sequence ( Figure S1b) , and a BLASTN search using the inserted sequence as a query retrieved a large number of related sequences from Solanum genomes. As an in-frame stop codon was identified in the inserted sequence (Figure S1b) , the JRE-like sequence of tomato was defined as a pseudogene, herein referred to as wJRE3L, which is presumed to encode a non-functional truncated protein. Transcription of wJRE3L has not been validated experimentally, suggesting that wJRE3L expression is silenced. Based on these findings, we concluded that wJRE3L is unlikely to play a role in the regulation of SGA biosynthesis in tomato.
SGA biosynthetic genes are transactivated by JRE4 but not by related ERFs
To explore the in vivo function of JREs, transient transactivation assays were performed via agroinfiltration of tomato fruits with specific reporter and effector plasmids. In the reporter plasmids, the 5 0 -flanking sequences of sterol reductase (DWF5-2) and GAME4, which have been shown to be targeted by JRE4 (Thagun et al., 2016) were placed upstream of the b-glucuronidase (GUS) gene uidA. Effector plasmids contained either JREs or GFP (as a reference control gene), with expression driven by the CaMV 35S promoter. Reporter and effector plasmids were co-infiltrated into mature green tomato fruits. As previously reported (Thagun et al., 2016) , JRE4 co-expression resulted in 4.8-and 9.7-fold upregulated expression of GUS under the control of the DWF5-2 and GAME4 promoters, respectively ( Figure 2b ). By contrast, no significant activation of the reporter plasmids was induced by co-expression with JRE3 or JRE6 from tomato or SpJRE3L from S. pennellii, the latter being a potentially functional counterpart of tomato wJRE3L (Figures 2 and S1 ). To examine whether related ERFs responsible for alkaloid regulation in other plants can activate the promoters of the SGA biosynthesis genes in tomato fruits, we analyzed DWF5-2 and GAME4 promoter-driven GUS expression following co-expression with alkaloid-regulating NtERF189 from Nicotiana tabacum (tobacco) (Shoji et al., 2010) and CrORCA3 from Catharanthus roseus ( Van der Fits and Memelink, 2000) (Figure 2a) . Similar to the effect of JRE3, JRE6, and SpJRE3L, neither NtERF189 nor CrORCA3 upregulated GUS reporter gene expression (Figure 2b) . Overall, the transient transactivation assay demonstrated that only JRE4 among the examined ERFs functions to induce the activity of the DWF5-2 and GAME4 promoters.
Induced overexpression of JRE3 does not induce SGA biosynthesis
To further explore the specificity of JRE4 0 s effect on SGA biosynthetic genes, we tested whether induced JRE3 overexpression had any influence on SGA biosynthesis and accumulation in transgenic tomato hairy root cultures (lines J3-1 and J3-2) generated via Agrobacterium rhizogenes-mediated transformation with the binary vector pXVE-JRE3. This vector contains the JRE3 coding sequence under the control of the b-estradiol-inducible XVE promoter (Zuo et al., 2000) . Whereas high-level JRE3 Figure 2 . JRE4 activates the promoters of the SGA biosynthetic genes DWF5-2 and GAME4 in tomato fruits. (a) Phylogenetic comparison of JRE4 and related proteins. Full-length amino acid sequences were aligned using the ClustalW program (Thompson et al., 1994) , and a tree was constructed based on shared sequence identity using the neighbor-joining algorithm in MEGA6 (Tamura et al., 2013) . Bootstrap values are indicated at branch nodes, and the scale bar indicates the number of substitution per site. Prefixes before protein names denote the corresponding species. At, Arabidopsis thaliana; Cr, Catharanthus roseus; Nt, Nicotiana tabacum (tobacco); Sl, Solanum lycopersicum (tomato); Sp, Solanum pennellii. Proteins examined in (b) are marked with asterisks. (b) Transient transactivation assays in tomato fruits. GUS expression levels from reporter plasmids were normalized against GFP expression levels from effector plasmids (x-axis), and values shown are relative to that in the empty vector (EV) control. Data are presented as mean AE standard deviation (SD) (n = 3). *P < 0.05; **P < 0.01, compared with the EV control (Student's t-test).
expression was observed in the transgenic hairy root lines following b-estradiol treatment ( Figure S2a ), no significant increases in expression (<2-fold) were observed for hydroxymethylglutaryl-CoA reductase 1 (HMGR1), sterol methyl oxidase 4 (SMO4), GAME6, and GAME1 ( Figure S2b ). In agreement with this observed expression profile, a-tomatine contents were slightly decreased in JRE3-overexpressing hairy root cultures ( Figure S2c ), indicating that JRE3 overexpression did not have a major influence on SGA biosynthesis. This result is in stark contrast with that previously observed in a similar analysis of JRE4 (Abdelkareem et al., 2017) , indicating that, despite its similarity to JRE4, JRE3 does not have behave as a transcription activator regulating SGA biosynthesis and accumulation.
Isolation of a JRE4 loss-of-function mutant
We next aimed to elucidate JRE4 function using reverse genetics. For this, we screened a large number of lines (ca. 8500) from EMS-mutagenized tomato populations by TIL-LING (Okabe et al., 2011) . We identified 13 mutant lines harboring nucleotide changes in the protein-coding or 3 0 -UTR sequences of JRE4. These mutations resulted in amino acid substitutions causing missense changes in 11 lines; nonsense mutations were not identified in any of the lines (Table S2) .
Three of the JRE mutant alleles contained missense changes within the DNA-binding domain, namely jre4-1, jre4-2, and jre4-3 (Table S2 ). In jre4-2 and jre4-3 carrying missense changes N102Y and R136W, respectively (Table S2, Figure S3a ), HMGR1, SMO4, GAME6, and GAME1 expression levels remained comparable with those in the wild-type control ( Figure S3b ), suggesting that JRE4 functionality was not affected by substitution of these relatively less-conserved amino acid residues ( Figure S3a ). In jre4-1, the missense change P101L affected a Pro residue that is highly conserved in the AP2/ERF superfamily (Figure 3a) . This Pro residue is located adjacent to the end of the second b-strand in the DNA-binding domain, and therefore may be necessary for delimiting the secondary structure [ Figure 3a ; Allen et al., 1998 ].
To examine the effect of the P101L missense change on JRE4 function, we first analyzed in vitro binding activity of recombinant JRE4 and JRE4 P101L to oligonucleotide probes via electrophoresis mobility shift assays (EMSAs) ( Table S3 ). The oligonucleotide probes included sequences corresponding to the GCC box-like elements in the DWF5-2 (D2) and GAME4 (G1 and G2) promoters that are targeted by JRE4 (Thagun et al., 2016) . To improve recombinant protein solubility, EMSA was performed using truncated fusion proteins corresponding to JRE4 and JRE4
P101L
amino acid residues 40-219 (Shoji et al., 2013) . When incubated with recombinant JRE4, DNA-protein complexes were detected as retarded doublet bands for D2, G1, and G2 probes (Figure 3b ), as previously reported (Thagun et al., 2016) . Conversely, DNA-protein complexes for all three probes with JRE4 P101L resulted in relatively faint bands at a position comparable with the lower doublet band detected for JRE4 (Figure 3b ), indicating that JRE4 in vitro binding activity was only partially retained with the P101L missense change. We further examined the effect of the P101L missense change on JRE4 in vivo functionality via transient transactivation assays in tomato fruits, performed as described above. The DWF5-2 and GAME4 reporter plasmids were clearly induced following co-expression with JRE4 but not with JRE4 P101L (Figure 3c ), indicating that the P101L missense change interfered with the ability of JRE4 to induce target gene expression and that jre4-1 represented a JRE4 loss-of-function mutant.
Altered JRE4 function changes expression levels of SGA biosynthetic genes
To determine the regulatory connection between JRE4 and the downstream SGA biosynthetic pathway, the expression of a series of genes involved in SGA biosynthesis were examined in both heterozygous and homozygous jre4-1 mutants (denoted JRE4/jre4 and jre4, respectively) and in JRE4 overexpression lines (OX1 and OX12), the latter of which were previously generated by Thagun et al. (2016) . A set of genes were selected for subsequent analysis based on co-expression with GAME genes in various tomato tissues ( Figure 1b ; Tomato Genome Consortium 2012) and characterization in previous studies (C ardenas et al., 2016; Thagun et al., 2016; Sonawane et al., 2016) . Primers were designed for each gene (Table S4) , although primer specificities were not strictly confirmed. The genes farnesyl diphosphate synthase 1 (FPPS1), squalene monooxygenase 1 (SQO1), and isopentenyl diphosphate isomerase 1 (IDI1) were selected because, although they are not considered SGA biosynthetic genes in Figure 1 (b), they display relatively high expression in small green fruits.
In the leaves of jre4 mutant plants, the expression of the majority of genes was clearly suppressed compared to that in the wild-type control ( Figure 4a ). In particular, considerably suppressed expression levels (<10% relative to those in the wild-type) were observed for sterol side chain reductase 2 (SSR2), sterol C-5 desaturase (DWF7-2), GAME8, GAME11, GAME6, GAME1, and GAME17, which are involved in cholesterol synthesis or core SGA synthesis ( Figure 1a) , and Makibishi 1 (MKB1), which is a putative negative regulator of HMGR activity (Figures 1a and 4a ). By contrast, suppressed expression of D14-sterol reductase (HYD2) and GAME2 was not observed in jre4 leaf tissue (Figure 4a ), possibly reflecting their low basal expression levels ( Figure 1b ). In agreement with the expression levels observed in jre4 leaves, downregulated gene expression was also observed in jre4 roots, albeit in general to a lesser extent (Figure 4a ), which is potentially because of a relatively lower basal gene expression level in root tissue ( Figure 1b) .
Intriguingly, the expression of many of the analyzed genes was also suppressed in leaves of the heterozygous JRE4/jre4 mutant. However, the degree of suppression in JRE4/jre4 was lower than that in jre4 (Figure 4a ), indicating the semi-dominant nature of the jre4-1 mutation. Expression of the jre4 mutant allele was not significantly altered compared to JRE4 expression in the wild-type (Figure 4a ). The suppressed expression of SGA biosynthetic genes and comparable expression between the JRE4 wild-type and mutant was also confirmed following the removal of (a) The jre4-1 mutant allele produces a P101L amino acid substitution within JRE4 (positioning indicated with a black arrowhead). The JRE4 section containing a DNA-binding domain is depicted (domain positioning within the whole protein indicated by black bar). The JRE4 amino acid sequence was aligned with that of other ERF proteins in various groups (Nakano et al., 2006) using ClustalW (Thompson et al., 1994) . Identical residues and residues similar in a minimum of five of the seven analyzed ERFs are shaded in black and gray, respectively. Secondary structures of the amino acid sequences are depicted below. Asterisks denote the residues that directly contact the nucleic acid base moiety, whereas arrows and the solid bar indicate b-strands and an a-helix, respectively (Allen et al., 1998) . (b) EMSA showing in vitro binding of recombinant JRE4 and JRE4 P101L proteins to probes including cis-element sequences found in DWF5-2 (D2) and GAME4 (G1 and G2) promoters (Thagun et al., 2016) . Protein extract from a strain expressing the empty vector served as the control. Equal amounts of analyzed proteins were separated and visualized with silver staining (right). The molecular mass of marker proteins is indicated in kilodaltons (kDa). Probe sequences are available in Table S3 . (c) Transient transactivation assays in tomato fruits. GUS expression levels from reporter plasmids were normalized against GFP expression levels from effector plasmids (x-axis), and values shown are relative to that in the empty vector (EV) control. Data are presented as mean AE standard deviation (SD) (n = 3). *P < 0.05; **P < 0.01, compared with the EV control (Student's t-test).
potential background mutations in jre4-1 through repeated backcrosses with the wild-type ( Figure S4 ). In jre4 plants, no apparent defects or mutant morphologies were observed throughout development ( Figure S5) .
To examine the effect of JRE4 mutation on JA-induced expression of SGA biosynthetic genes, expression of HMGR1, SSR2, SMO4, GAME1, and MKB1 was analyzed in the leaves of wild-type and jre4 plants following methyl jasmonate (MeJA) treatment. Following MeJA treatment, the expression of each gene was strongly induced in the wildtype, whereas only slight expression induction was observed in jre4 ( Figure S6 ). These results indicate that jre4 imparts a robust suppression of SGA biosynthetic gene expression, which is not overcome even by elicitation with MeJA.
JRE4 overexpression was confirmed in the leaves of OX1 and OX12 lines (Figure 4b) , and the expression of SGA biosynthetic genes was examined, using a greater number of genes than previously monitored (Thagun et al., 2016) . Most genes exhibited clearly increased expression, however the magnitude of the increase was variable among the genes (Figure 4b ). For example, expression of SMO3, DWF7-2, DWF5-2, GAME8, GAME6, GAME4, GAME17, GAME18, and MKB1 increased greatly (>10 000%) in OX1 relative to that in the wild-type, whereas relatively limited expression increases (< 1000%) in OX1 were observed for squalene synthase 1 (SQS1), sterol C14-demethylase (CYP51), HYD2, GAME7, and GAME2 (Figure 4b) . Gene expression increases were generally greater in OX1 than in OX12 (Figure 4b ).
To explore whether the expression of JRE genes is affected by JRE4 function, JRE transcript levels in leaf tissue were compared between the JRE4 overexpression line OX1 ( Figure S7a ) and the jre4 mutant ( Figure S7b ). To detect transcripts arising from the endogenous JRE4 gene in OX1, a primer was designed to anneal to sequence in the 3 0 -UTR (Table S4) , which should not be present in transcripts derived from the overexpressed JRE4 transgene. Both in OX1 and jre4 leaves, no significant changes in Thagun et al., 2016) . Data information: heat maps visualize gene expression levels as determined by qRT-PCR. Average values of two replicates are shown relative to that in wild-type (set to 100%). Each replicate analyzed five individuals for each genotype. The details of the genes are available in Figure 1 and Table S1 . expression levels relative to that in the wild-type control were observed for any JREs including endogenous JRE4 ( Figure S7 ).
Metabolic changes caused by the jre4 mutation
To address how JRE4 loss of function affects SGA-related metabolism in tomato, we examined metabolite levels in wild-type, jre4, OX1, and JRE4/jre4 plants. The SGAs atomatine and esculeoside A were extracted from tomato tissues and quantified using liquid chromatography-mass spectrometry (LC-MS). The content of a-tomatine was 1.8-fold higher in OX1 leaves relative to that in the wild-type control, whereas a-tomatine contents were decreased in the leaves of JRE4/jre4 and jre4 mutant plants to 69 and 1.8%, respectively, of the wild-type level (Figure 5a ). The amount of a-tomatine in jre4 roots was comparable with that in jre4 leaves, which corresponded to 9.0% of the level in wild-type roots (Figure 5b) . The a-tomatine contents progressively decreased throughout the maturation of wild-type fruit as previously reported (Iijima et al., 2009) , whereas a-tomatine accumulation remained at low levels in the jre4 mutant at every developmental stage (Figure 5c ). Substantial accumulation of esculeoside A was confirmed in red ripe fruits from the wild-type, however this metabolite was not detectable in jre4 fruits (Figure 5c ). (c) SGA levels in immature green (<6 mm in size), mature green (>12 mm), and red fruit tissue from WT (black) and jre4 (white) plants. Metabolite levels were determined using LC-MS for SGAs (a-tomatine and esculeoside A) and GC-MS for cholesterol and phytosterols (campesterol, stigmasterol, and bsitosterol). Data are presented as mean AE standard deviation (SD) (n = 3-6) *P < 0.05; **P < 0.01 compared with wild-type (Student's t-test). nd; not detected, DW; dry weight.
Cholesterol and phytosterols, such as campesterol, stigmasterol, and b-sitosterol (Figure 1a) , were also extracted from wild-type and jre4 leaves and quantified using gas chromatography-mass spectrometry (GC-MS). In jre4 leaves, increased accumulation was observed for cholesterol (191% compared with that in wild-type) and b-sitosterol (140%), whereas campesterol and stigmasterol levels were not significantly different in leaf tissue from the two genotypes (Figure 5a ).
To examine whether the low-SGA phenotype of jre4 could be complimented by JRE4 expression, a 4.8-kb genomic sequence (including 2.4-kb 5 0 -and 1.6-kb 3 0 -flanking regions) containing JRE4 isolated from the wild-type was transformed into jre4 mutant plants. In the leaves of these JRE4-transformed lines (lines 6 and 19), expression levels of selected SGA biosynthetic genes (i.e. SSR2, SMO4) were increased compared with those in jre4, but remained at low levels relative to wild-type ( Figure S8 ). In leaves of 35S-JRE4-complemented jre4 plants, however, a-tomatine accumulated to 137% of the wild-type control (P = 0.12, Student's t-test; Figure S9 ), similar to the levels observed in the parental OX1 plants (Figure 5a ). This finding indicated that the jre4 mutant phenotype was effectively complemented by JRE4 overexpression.
Decreased resistance against herbivores in jre4 plants
We then evaluated the effect of JRE4 loss of function on tomato plant resistance to arthropod herbivores via insect feeding assays. Second-instar larvae of the Oriental leafworm moth (Spodoptera litura), which is a generalist herbivore, were allowed to feed on tomato shoots of wild-type, jre4, and 35S-JRE4-complemented jre4 plants for 3 days, after which net weight gains were determined. The larvae that fed on jre4 plants gained significantly more weight (156%) compared to those on wild-type plants, whereas the larvae on 35S-JRE4-complemented jre4 plants and wildtype plants displayed comparable weight gain ( Figure 6 ). Even in the wild-type background, the overexpression of JRE4 (in OX1) did not significantly improve plant resistance to the larvae ( Figure S10 ), despite the increased a-tomatine accumulation in OX1 leaves (Figures 5a and S9 ). These results demonstrated that loss of JRE4 function impairs plant resistance to generalist herbivores, while overexpression of JRE4 did not further improve the susceptibility over the level of wild-type plants.
We examined whether loss of JRE4 function altered tomato resistance to Botrytis cinereae, a necrotrophic fungus infecting various plant species. When leaves of wild-type, jre4, and 35S-JRE4-complemented jre4 plants were inoculated with B. cinereae and incubated for 6 days, disease lesions with comparable area developed in all plants ( Figure S11 ). These results indicate that JRE4 function is not necessary for tomato resistance to Botrytis cinereae.
Salt-induced expression of JRE genes
Several JRE homologs in other species, including AtERF13 from Arabidopsis (Lee et al., 2010) and related ERFs from tobacco (Shoji and Hashimoto, 2015; Kajikawa et al., 2017) , are induced in root tissue by NaCl treatment and in some cases by osmotic stress and abscisic acid (ABA) treatment. We therefore examined whether the expression of JRE genes is regulated by these abiotic stress factors in tomato roots. Tomato hairy roots cultured in liquid medium were treated with 300 mM NaCl, 300 mM mannitol, or 100 lM ABA for 5 h, following which transcript levels of JREs and the SGA biosynthetic genes HMGR1, SMO4, GAME6, and GAME1 were determined. Expression of JRE4 either remained static or exhibited only a slight change in expression following each treatment (Figure 7a ). In agreement, no significant NaCl-mediated expression induction was observed for JRE4-controlled SGA biosynthetic genes (Figure 7b) , indicating the negligible influence of NaCl stress on SGA production. A similar limited effect of each treatment was also evident for JRE6 (Figure 7a ), which is not present within the JRE gene cluster in the tomato genome (Thagun et al., 2016) . In contrast, expression levels of each of the remaining JRE genes were markedly induced by NaCl but not by mannitol or ABA treatment (Figure 7a) . Furthermore, NaCl treatment resulted in expression of these JREs at levels comparable with or even higher than that of JRE4, which is normally the predominantly expressed JRE within the JRE gene cluster (Figure 7a ). The marked contrast between the NaCl-induced expression of JREs other than JRE4 and JRE6, and the nominal effects of NaCl on JRE4, JRE6, and the SGA biosynthesis genes, indicated that these salt-responsive JREs are probably not involved in the regulation of SGA biosynthesis.
Ethylene-mediated suppression of JA-induced SGA biosynthesis
In tobacco roots, ethylene suppresses the JA-mediated induction of ERF genes, which are phylogenetically related to tomato JREs, and downstream nicotine biosynthetic genes (Shoji et al., 2000; Winz and Baldwin, 2001; Shoji et al., 2010) . Therefore, we explored the effect of ethylene on JA-induced expression of JREs and SGA biosynthesis in tomato. For this analysis, we used 1-aminocyclopropane-1-carboxylic acid (ACC), a natural precursor of ethylene that is readily converted to ethylene in planta by ACC oxidase (Adams and Yang, 1979) . We added 100 lM ACC to tomato hairy root cultures along with 100 lM MeJA; after treatment for 24 h, transcript levels were determined.
Clear induction of expression was observed for all JREs following MeJA treatment of the hairy root cultures (Figure 8a) , as previously reported (Thagun et al., 2016) . This MeJA-induced expression of JRE1, JRE2, and JRE3 was not significantly affected by ACC treatment, whereas the addition of ACC resulted in near complete attenuation of the MeJA-dependent induction of JRE4 and JRE6 (Figure 8a) . In the absence of MeJA, ACC had no significant influence on JRE1, JRE2, JRE3, JRE4, and JRE6 expression levels (Figure 8a ). In contrast with the other JREs, JRE5 expression was induced by both MeJA and ACC (Figure 8a) . Moreover, induction of JRE5 was exaggerated by the simultaneous application of MeJA and ACC, suggesting that the two signals have a synergistic effect on JRE5 expression (Figure 8a ). ACC treatment nearly abolished both MeJA-dependent expression induction of the SGA biosynthetic genes HMGR1, DWF5-2, SMO4, GAME4, and GAME1 (Figure 8b) , and MeJA-dependent a-tomatine accumulation following a 3-day treatment (Figure 8c) . These results provided an additional example in which JRE4 expression and downstream SGA biosynthesis were parallel to each other.
We also examined the effect of ACC treatment on the JA-induced expression of JREs and SGA biosynthetic genes in tomato leaves. Detached leaves were treated with ACC, MeJA, or both at a concentration of 100 lM for 24 h. MeJA-induced gene expression was demonstrated for all JREs aside from JRE5 and JRE6, for which transcripts were not detectable under any experimental conditions (Figure 8a ). In contrast with that observed in hairy root cultures, simultaneous ACC treatment, had a somewhat negative effect on the JA responsiveness of JRE1, JRE2, and JRE3 expression induction in leaves (Figure 8a ). Furthermore, ACC nearly abolished the MeJA-mediated induction of JRE4 and SGA biosynthetic genes in leaves, comparable with observations in hairy root cultures (Figure 8a, b) . These results suggested that ethylene suppresses JA-induced SGA production in those organs that are primarily vulnerable to insect herbivory.
DISCUSSION
JRE4 regulates SGA biosynthetic genes
A reverse genetics approach based on TILLING (Okabe et al., 2011) led us to a JRE4 mutant allele affected in a Pro residue critical for JRE4 DNA binding (Figure 2) . The P101L missense change markedly diminished the in vitro DNAbinding capability of JRE4 (Figure 3b ). Although JRE4 DNA binding was compromised in jre4 plants, it is possible that Figure 6 . Spodoptera litura larvae show increased growth on jre4 tomato plants.
(a) Images of individual larvae following day 0 (upper) and day 3 (lower) feeding. (b) Quantitation of larval weight gain during the 3-day feeding period. S. litura larvae were allowed to feed on 7-week-old tomato plants of wild-type, homozygous jre4-1 mutant (jre4), and jre4 complemented with 35S-JRE4 (jre4 + 35S-JRE4) for 3 days. a-Tomatine contents within the plants used for feeding are shown in Figure S8 . Data are presented as mean of larvae weight relative to that of larvae fed on wild-type plants AE standard error (SE). *P < 0.05; **P < 0.01, compared with wild-type (Student's t-test). [Colour figure can be viewed at wileyonlinelibrary.com] Figure 7 . JRE and SGA biosynthetic gene expression changes in response to salt, mannitol, and ABA treatment in tomato hairy roots. (a) Expression levels of JRE genes. Gene expression is presented relative to that of EF1a. (b) Expression levels of HMGR1, SMO4, GAME6, and GAME1 relative to that in the mock-treated control. Transcript levels were determined using qRT-PCR analysis of gene expression in hairy roots treated with 300 mM NaCl, 300 mM mannitol, or 100 lM ABA for 5 h. Data are presented as mean AE standard deviation (SD) (n = 3). *P < 0.05; **P < 0.01, compared with the mock-treated control (Student's t-test).
JRE4
P101L imparts a dominant-negative effect, as the jre4 mutation exhibited semi-dominance (Figures 4a and 5a ). As ERF factors typically bind to DNA as monomers (Hao et al., 1998) , the dominant-negative nature of JRE4 P101L cannot be explained by mechanisms that invoke the formation of inactive heterodimers. However, semi-dominance has also been reported for the low-nicotine mutant allele nic2 in tobacco, which causes a chromosomal deletion in a genomic region that includes NtERF189 (Shoji et al., 2010; Kajikawa et al., 2017) . The similarity in terms of dominance between these two mutations implies that their mutant phenotypes depend on functional gene dose. To verify the dominant-negative effect and residual DNA binding of JRE4
P101L
, the jre4 mutant phenotype described here should be compared with that of a JRE4 knock-out mutant when it becomes available.
It is unknown why the highly conserved Pro residue affected in jre4 is required for JRE4 DNA-binding activity. Since the Pro side chain is connected to the polypeptide backbone two times, thus forming a five-member nitrogencontaining ring, it cannot occupy many of the main chain conformations easily adapted with other amino acids. Because of this conformational limitation, Pro residues often delimit the secondary structures of proteins. The P101L missense change may affect the structure of the neighboring b-strand, which is important for DNA recognition (Figure 2a) . However, JRE4 P101L protein modeling did not predict any structural changes that seemed likely to cause the loss of DNA-binding activity. Thus, further protein structural studies are required to address the issue. This low-SGA jre4 mutant phenotype that lacked major growth defects arose from an EMS-mutagenized population similar to that employed in conventional breeding. There is potential in using the low-SGA tomato lines described here as a platform for synthetic biology-based production of bioactive natural products. Such products could be produced using the excess carbon and nitrogen resources created following the suppression of metabolic Figure 8 . Changes in gene expression in tomato hairy root and leaf tissue and changes in a-tomatine accumulation in hairy roots following methyl jasmonate and 1-aminocyclopropane-1-carboxylic acid treatment. (a) Expression levels of JRE genes relative to that of EF1a. ND; not detected. (b) Expression levels of HMGR1, SMO4, DWF5-2, GAME4 and GAME1 relative to that in the control. (c) Levels of a-tomatine in hairy root tissue. DW; dry weight. Transcript levels were determined using qRT-PCR analysis of gene expression in hairy roots and detached leaves following mock treatment (white) or treatment with 100 lM methyl jasmonate (MeJA, black), 100 lM 1-aminocyclopropane-1-carboxylic acid (ACC, light gray), or both (dark gray) for 24 h. For determining a-tomatine levels, hairy root tissue was treated for 3 days. Data are presented as mean AE standard deviation (SD) (n = 3 for qRT-PCR, and 3-4 for metabolite analysis). a, b Shared letters indicate no significant difference at P < 0.05 (ANOVA + Tukey-Kramer test). *P < 0.05; **P < 0.01, compared with mock-treated controls (Student's t-test).
flow into SGA biosynthesis. The drastic reduction of SGA accumulation demonstrated here in jre4 plants is an excellent example of metabolic manipulation through functional alteration of pathway-controlling transcription factors.
A SGA biosynthesis regulon under the control of JRE4
A large set of JRE4-regulated metabolic genes within the SGA biosynthetic pathway forms a unit of co-regulated genes, otherwise known as a regulon (Figure 1a) . We identified more genes within the JRE4-regulated SGA biosynthetic regulon by identifying genes that are coexpressed in particular tomato tissues (Figure 1b) . Further analysis of gene expression profiles in mutant and transgenic tomato lines with altered JRE4 function may facilitate the identification of novel SGA metabolic and transport genes, eventually leading to a complete characterization of the SGA biosynthetic regulon.
The metabolic genes involved in the early mevalonate pathway and cycloartenol biosynthesis typically form a small gene family ( Figure 1b and Table S1 ), and the involvement of one member from each gene family in the SGA regulon has been previously demonstrated (Figure 1 ). Potential differential regulation of individual gene family members may facilitate a balanced flow of metabolites into multiple downstream pathways (Figure 1a) . The metabolic genes involved in early stages of the SGA biosynthetic pathway are upregulated by JRE4 (Figure 4) . However, activation of MKB1, which encodes a putative negative regulator of rate-limiting HMGR activity, is also controlled by JRE4 (Figures 1a and 4 ; Pollier et al., 2013) . Such antagonistic regulation of both a metabolic pathway and its negative regulator may provide multiple opportunities to precisely regulate early stages of SGA biosynthesis (Figure 1a) .
The cholesterol synthesis portion of the SGA biosynthetic pathway has developed via an incomplete duplication of the phytosterol synthesis pathway and subsequent divergence of the duplicated genes ( Figure 1a ; Sonawane et al., 2016) . JRE4 regulates genes involved in cholesterol synthesis, including those specific for cholesterol, which are derived via gene duplication, and those shared between the two parallel pathways, which are usually present as single-copy genes (Figure 1b and Table S1 ) and are regulated by JRE4 less tightly than those specific to cholesterol synthesis (Figure 4) . A similar example of differential gene regulation in parallel pathways has been demonstrated for early ring formation within the nicotine biosynthetic pathway in tobacco (Shoji and Hashimoto, 2011; Kajikawa et al., 2017) .
Aside from GAME2, all genes that function in core SGA biosynthesis are encoded as single-copy genes and tightly regulated by JRE4 (Figure 4) . This high-level control of later stages of the SGA biosynthetic pathway by JRE4 may explain why increased cholesterol accumulation is observed in jre4 (Figure 5a ). Furthermore, the limited effect of JRE4 loss of function on phytosterols (Figure 5a ) suggests that the role JRE4 plays in this highly branched metabolic pathway is specialized to direct metabolite flow into SGA biosynthesis (Figure 1a ).
JRE4 mediates resistance to chewing herbivores in tomato
SGAs disrupt cellular membranes by binding to cholesterol and inhibiting the activity of cholinesterases (Friedman, 2015) . Given their toxicity, SGAs are considered to play a role in plant resistance to biotic threats (Friedman, 2002 (Friedman, , 2006 . Recent investigations into JA-induced expression of genes relating to SGA biosynthesis (Thagun et al., 2016; Abdelkareem et al., 2017) and a-tomatine accumulation in vulnerable inedible plant organs (Iijima et al., 2009) further support a defensive role for SGAs. In this study, Spodoptera litura caterpillars displayed increased growth when fed with low-SGA tissue from jre4 plants, which was no longer observed for complemented lines with restored SGA accumulation ( Figure 6 ). These results indicated that SGA content is required for resistance to chewing herbivores in tomato. Nevertheless, it is possible that impairments in other JRE4-regulated processes other than SGA accumulation also contribute to jre4 susceptibility. This issue may be addressed by using the jre4 mutant for comprehensive characterization of the JRE4-regulated genes (Thagun et al., 2016) that are involved in plant defense.
It is of interest to know whether SGA accumulation is an effective deterrent for other biotic stresses, such as necrotrophic pathogens and sucking insects. We observed that loss of JRE4 function did not significantly affect tomato resistance to a necrotrophic fungus Botrytis cinerea (Figure S11) , which suggested that SGA accumulation is not a major deterrent to the necrotrophic pathogen. The ethylene-mediated attenuation of JA-induced SGA biosynthesis and accumulation (Figure 8 ) that we observed is intriguing in this regard. An antagonistic relationship between JA and ethylene signaling is typical in the defense response to wounding and herbivory by chewing insects, while a synergistic interaction between these signals generally occurs in response to necrotic pathogen infection (Broekgaarden et al., 2015) . The suppression of nicotine biosynthesis in tobacco (Shoji et al., 2000) and SGA accumulation in tomato (Figure 8 ) by ethylene via conserved ERF factors may reflect the role of these defense chemicals in plant resistance against herbivory by chewing insects.
Functional differentiation of JRE genes
We cloned a partial sequence of the wJRE3L pseudogene from different tomato cultivars, and characterized it as an additional member within the JRE gene cluster ( Figure S1 ). wJRE3L is interrupted by a sequence present numerous times in the tomato genome, which may hamper proper wJRE3L sequence assembly. Potentially reflecting dynamic gene duplications, non-functional genes such as wJRE3L may be common within ERF gene clusters, as was previously demonstrated in tobacco (Kajikawa et al., 2017) . Related Solanum species, including the closest wild relative of cultivated tomato S. pimpinellifolium, possess potentially functional wJRE3L counterparts ( Figure S1 ). This situation suggests that wJRE3L became non-functional during tomato domestication. However, it is unlikely that the wJRE3L lack of function affects SGA accumulation, as SpJRE3L cannot activate the promoters of SGA biosynthetic genes in tomato (Figure 2b) .
Transient overexpression of JRE4 activated the promoters of SGA biosynthetic genes DWF5-2 and GAME4 in tomato fruits (Figure 2b) . However, overexpression of JRE4 homologs, including SpJRE3L and JRE6, the latter of which responds similarly with JRE4 to salt and ethylene treatment (Figures 2a, 7 and 8 ), did not activate SGA biosynthetic gene expression. Moreover, induced overexpression of JRE3, a close functional JRE4 homolog in tomato, did not result in a significant increase in SGA biosynthesis and accumulation in transgenic tomato hairy root cultures ( Figure S2 ). The similar responses of JRE4 and SGA biosynthetic genes to salt (Figure 7 ) and ethylene ( Figure 8 ) are additional examples of the coordinated expression of these genes. These data, along with the considerable reduction in SGA biosynthesis and accumulation in the JRE4 loss-of-function mutant strongly suggests that JRE4 is a principal transcriptional regulator of the SGA pathway. Moreover, no other JRE genes, including JRE4 itself, are regulated by JRE4 ( Figure S7 ), which highlights the functional differences among JREs.
The suppression of a series of SGA biosynthetic genes by overexpression of a dominant repressive form of JRE3 and JRE5 (Thagun et al., 2016) is the only experimental evidence to date that supports a role for JREs other than JRE4 in SGA biosynthesis regulation. However, the effects of such ectopic expression of a dominant form of a regulator should be interpreted carefully. Indeed, a discrepancy between results generated using normal and dominant suppressive protein versions was demonstrated for NtERF189 and its homologs in tobacco (Shoji et al., 2010) . It was previously observed that a range of related ERFs in addition to NtERF189 was able to activate the promoters of downstream nicotine biosynthetic genes in tobacco BY-2 cultured cells (Shoji et al., 2010; Shoji and Hashimoto, 2012) . However, our similar transient expression assays in tomato fruits revealed that JRE4 alone functions as an effective activator of the promoters of SGA biosynthetic genes (Figure 1b) . These data suggest that the requirement for JRE4 in SGA regulation in tomato is stricter than that for NtERF189 in nicotine regulation in tobacco.
We documented a response to salt stress for JREs other than JRE4 and JRE6 in tomato (Figure 7) , and this might apply to all clustered ERFs except for ERF189 and ERF199 in tobacco (Shoji and Hashimoto, 2015; Kajikawa et al., 2017) , and AtERF13 in Arabidopsis (Lee et al., 2010) . This pattern of expression suggested that salt stress-responsiveness is inherent and possibly ancestral for this group of ERFs.
In summary, we demonstrated here that the JA-responsive ERF transcription factor JRE4 is required for the coordinated transcription of a series of SGA biosynthetic genes. The low SGA content of the JRE4 loss-of-function mutant we identified is a promising example of a nongenetic engineering approach to metabolic manipulation via the functional alteration of pathway-controlling transcription factors. Further, the increased growth of caterpillars feeding on jre4 plants and the ethylene-mediated attenuation of JA-induced SGA production suggest that substantial SGA accumulation is required for resistance to chewing insects in tomato.
EXPERIMENTAL PROCEDURES Plant growth and experimental treatment
Seeds of tomato, Solanum lycopersicum cv. Micro-Tom and cv. M82, and of S. pennellii were obtained through TOMATOMA (http://tomatoma.nbrp.jp) from the National BioResource Project (NBRP), whereas those of cv. Carol 7 were sourced from Sakata Seeds (Yokohama, Japan). The seeds were germinated and plants were grown as previously described (Abdelkareem et al., 2017) . Whereas fruits of different developmental stages were harvested from fruit-bearing mature plants according to their size and color, leaves and roots from 6-to 8-week-old plants grown in greenhouse were used unless otherwise noted. For MeJA treatment, detached leaves were submerged in Gamborg B5 medium supplemented with 100 lM MeJA (Wako; No. 135-14411) for 24 h in the dark (Thagun et al., 2016) .
Except for those detailed in Figure S4 , experimental plants of different JRE4 genotypes, i.e. wild-type, heterozygous (JRE4/jre4), and homozygous jre4-1 (jre4) mutants, were selected from an F2 population established through a genetic cross between an originally isolated homozygous mutant and a wild-type plant. Genotyping was done by sequencing the fragments of JRE4 obtained by PCR amplification from genomic DNAs.
JRE4 overexpression lines OX1 and OX12 transformed with JRE4 under the control of CaMV 35S promoter (35S-JRE4) were created by Thagun et al. (2016) . Transgenic plants of the T4 generation for these lines were used for analyses presented in Figures 4 and 5. From a F2 population obtained by crossing a jre4 mutant with a T3 plant of line OX1, a plant harboring the 35S-JRE4 transgene was selected by genomic PCR screening and then was selfpollinated to obtain seeds for 35S-JRE4-complemented jre4 plants (jre4 with 35S-JRE4).
The binary vector was introduced into Agrobacterium rhizogenes strain ATCC15834 by electroporation.
Hairy root lines were established by infecting sterile hypocotyl segments with A. rhizogenes harboring pXVE-JRE3 or the empty pER8 plasmid, or that without any binary vectors (Thagun et al., 2016) . Transgenic hairy root cultures transformed with either pXVE-JRE3 or pER8 were selected based on drug resistance on solid medium containing 50 mg L À1 hygromycin. Once established, hairy root cultures were subcultured every week in 125-ml glass flasks filled with 25 ml of liquid B5 medium supplemented with 2% (w/v) sucrose and maintained shaking at 90 rpm in the dark. Four-day-old hairy root cultures were treated by adding MeJA at 100 lM (Thagun et al., 2016) , NaCl at 300 mM, mannitol at 300 mM, ABA at 100 lM, ACC at 100 lM, or b-estradiol at 100 lM directly into the culture medium.
Cloning of genomic fragments and plant transformation
Genomic DNA was isolated using the cetyl trimethylammonium bromide (CTAB) method (Murray and Thompson, 1980) and used for PCR with high-fidelity PrimeStar Max DNA polymerase (Takara, Kyoto, Japan).
A fragment of wJRE3L was amplified using primers 5 0 -ATGAATCCAGTTGATGATGAAATATTC-3 0 and 5 0 -GAAACTA-CAAGTGCAAACTCGAA-3 0 . The thermal program was as follows: 1 min at 98°C followed by 35 cycles of 10 sec at 98°C, 10 sec at 45°C, and 5 sec at 68°C. The sequence of the amplicon was determined after it was cloned into the pGEM-T easy vector (Promega, Madison, WI, USA).
A 4.8-kb genomic fragment, including JRE4 and its 2.4-kb 5 0 -flanking and 1.6-kb 3 0 -flanking regions, was amplified using primers 5 0 -CAAACAATACAGAGTAACTGAATAC-3 0 and 5 0 -AAGGGT AGGTAATCCATTATGTGTGC-3 0 . The thermal program was as follows: 1 min at 98°C followed by 35 cycles of 10 sec at 98°C, 10 sec at 55°C, and 30 sec at 68°C. The amplicon was cloned into pGWB1 (Nakagawa et al., 2007) via Gateway cloning technology (Invitrogen, Waltham, MA, USA). The resultant binary vector was introduced into tomato (cv. Micro-Tom) through Agrobacteriummediated transformation (Sun et al., 2006) . Transgenic plants of the T1 generation were analyzed.
TILLING-based screening of tomato mutant lines
Genomic DNA pools were constructed from M2 lines (ca. 8500 lines) from populations mutagenized by EMS. The lines with mutations in JRE4 (Table S2) were screened by TILLING using recombinant tomato ENDO1 nuclease for the cleavage of DNA mismatches and LI-COR DNA analyzer for the separation and detection of DNA fragments, according to a procedure detailed by Okabe et al. (2011) . The region (961 bp) encompassing an entire intron-less coding region of JRE4 (657 bp), was amplified by PCR using the fluorescent IRD700-and IRD800-labeled primers 5 0 -IRD700-GAAAAGTGTCGTATAGACGGGGTGAG-3 0 and 5 0 -IRD800-GAACTC CACCGCGTATGAAAACG-3 0 (Biomers.net, Ulm, Germany).
Transient transactivation assay
To generate the GFP effector constructs, full-length coding sequences of JRE4, JRE4
P101L
, and other ERF genes were amplified by PCR and were inserted into the pGWB2 vector under the control of the CaMV 35S promoter (Nakagawa et al., 2007) using Gateway cloning technology (Clontech, Mountain View, CA, USA). For NtERF189, a previously constructed pGWB2-based effector construct was used (Shoji et al., 2010) . The GUS reporter plasmids DWF5-2pro-GUS (DWF5-2 was previously called DWF5) and GAME4pro-GUS contained promoter regions of DWF5-2 (À285 to À1; counted from first ATG) and GAME4 (À1500 to À1), respectively, as described previously (Thagun et al., 2016) . The vectors p19 (Voinnet et al., 2003) for P19 silencing suppression and p35S-GFP for the GFP reference gene were used.
Bacterial suspensions of Agrobacterium tumefaciens strain EHA105 for reporter and effector vectors and those for p19 and p35S-GFP vectors were combined and injected into mature green fruits, and 3 days after the injection, qRT-PCR was used to analyze transcript levels of GUS and GFP as previously described (Thagun et al., 2016) .
EMSA
A coding region of JRE4 (corresponding to amino acid residues 40-219) was placed downstream of an N-terminal tag portion, composed with a thioredoxin, an S-tag, and a His-tag, on pET32b (Novagen, Darmstadt, Germany; Shoji et al., 2013) . The expression vector for the recombinant JRE4 P101L protein was generated through a PCR-based mutagenesis (Hemsley et al., 1989) using the vector containing wild-type JRE4 as a template. Bacterial expression and purification of the recombinant proteins were performed as previously described (Shoji et al., 2013) . Proteins comprising only the tag portion from pET32b were used as controls. Proteins were visualized by silver staining using a Silver Stain II kit (Wako, Tokyo) following protein separation in a 12.5% (w/v) SDS-PAGE gel.
Sense and anti-sense oligonucleotides (Table S3) were annealed to prepare biotin-labeled probes (Shoji et al., 2010) . DNA-protein binding, gel separation, and detection of the reaction products were performed using the Light Shift Chemiluminescent EMSA kit (Pierce, Waltham, MA) as previously described (Shoji et al., 2010) .
qRT-PCR analysis
Total RNA was isolated from samples using an RNeasy kit (Qiagen, Vento, Netherlands) and then used as a template for cDNA synthesis using ReverTra Ace qPCR RT Master Mix (Toyobo, Osaka, Japan). The qPCR amplification with the cDNA templates was performed with a LightCycler 96 (Roche) and SYBR Premix Ex Taq (Takara) and the conditions as described by Shoji et al. (2010) . The primer sequences are given in Table S4 . EF1a (Solyc05g005060) was used as a reference gene. Based on amplification from equal molar quantities of amplified fragments, amplifications for different primer pairs were normalized when necessary.
Metabolite analysis
For SGA content quantitation, methanol extractions of freezedried samples and liquid chromatography-mass spectrometry analysis of the extracts were performed as previously described (Abdelkareem et al., 2017) . Selected ion recording mode with m/ z 1034.8 was used to quantify a-tomatine in the wild-type and jre4 hairy root cultures (Figures 5b, 8c and Figure S2c ), whereas the amounts of a-tomatine and esculeoside A in the other samples (Figures 5a, c and S9) were measured using MS scan mode with a mass range of m/z 250-1400. Contents of both measured SGAs were calculated from the peak area using a calibration curve created using a-tomatine (Tokyo Chemical Industry, Tokyo, Japan).
For the measurement of cholesterol and phytosterols, extracts were made using the leaves of wild-type and jre4 mutant plants as previously described (Choi et al., 2014) with minor modifications. Each freeze-dried sample (10 mg) was ground in a mortar and pestle and extracted three times with 300 lL CHCl 3 :methanol (1:1), after which the extract was dried. The residue was saponified with 200 lL methanol-20% KOH aq (1:1) for 1 h at 80°C, and 200 lL water was added. The mixture was extracted three times with 400 lL hexane:EtOAc (1:1) and the organic phase was evaporated. The residue was hydrolyzed with 200 lL methanol-4N HCl (1:1) for 1 h at 90°C, and 200 lL water was added. The mixture was extracted three times with 400 lL hexane:EtOAc (1:1). 50 ng of the organic 25-hydroxycholesterol in ethanol was added as an internal standard to the organic phase and the solvent was removed. The residue was trimethylsilylated with 39 lL N-methyl-N-trimethylsilyltrifluoroacetamide (Sigma-Aldrich, St. Louis, MO, USA) at for 45 min at 80°C and analyzed by GC-MS as previously described (Seki et al., 2008) with minor modifications. GC-MS was conducted using a GC-MS-QP2010 Ultra (Shimadzu, Kyoto, Japan) with a DB-5MS (30 m 9 0.25 mm, 0.25 lm film thickness; J&W Scientific, Folsom, CA, USA) capillary column. The injection temperature was 250°C and the interface temperature was 300°C, with a splitless injection. The column temperature program was as follows: 80°C for 1 min, a rise to 300°C at a rate of 20°C min
À1
, and a hold at 300°C for 20 min. The carrier gas was He and the flow rate was 1.0 ml min À1 . The amounts of cholesterol and phytosterols were calculated from the peak area using a calibration curve drawn using cholesterol, campesterol, stigmasterol, and b-sitosterol (Tama Biochemical Co., Tokyo, Japan).
Insect feeding analysis
Eggs of Spodoptera litura (Fabricius) (Lepidoptera: Noctuidae) were obtained from Sumika Technoservice (Takarazuka, Japan). The larvae were reared in the laboratory at 25°C on artificial diet Insecta LF (Nihon Nosan Kogyo, Tokyo). For each feeding assay, second-instar larvae were weighed individually (ranging from 1.8 mg to 2.2 mg), and a single larva was released on each pot of plants. To contain the larvae, the pot was placed in a plastic container. After feeding for 3 days, net weight increases were recorded.
Fungal infection analysis
One isolate of the necrotrophic fungus Botrytis cinerea (strain luRy-1) was cultured on potato sucrose medium at 25°C for 7 days. For inoculation, 10 ll of conidial spore suspension (conidia 10 7 ml À1 in 2.5% glucose) was spotted onto the upper surface of a leaf. The inoculated plants were covered with a plastic sheet to hold the humidity and were placed in a growth chamber at 25°C for 6 days. The leaves were fastened with Scotch tape to a flat plastic plane, and images of the leaf lesions were captured and analyzed using Image J software.
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